The use of lossy compression in medical imaging is controversial, although it is inevitable to reduce large data amounts. In contrast with lossy compression, lossless compression does not impair image quality. In addition to our previous studies, we evaluated virtual 3-dimensional microscopy using JPEG2000 whole slide images of gastric biopsy specimens with or without
Helicobacter pylori gastritis using lossless compression (1:1) Data compression is generally used to reduce the huge amounts of data, especially arising from multiplane whole slide images in virtual 3-dimensional (3D) microscopy. However, compression may lead to a loss of image information and quality and may influence diagnostic accuracy. Artifacts caused by compression depend on the data format and the compression algorithm, eg, commonly used JPEG and discrete cosine transformation, which may lead to contouring, posterizing in otherwise smooth gradients, staircase noise along curving edges, mosquito noise around edges, and/or blockiness, according to the grade of compression. Low compression rates may not result in compression artifacts that are distinguishable by the eye from uncompressed images. Therefore, most commercially available slide scanner systems use low compression by default to reduce the file sizes of virtual slides.
As JPEG2000 and discrete wavelet compression have significant advantages, including less visible compression artifacts using lossy compression, especially at high compression rates, almost without the typical blockiness of compressed JPEG images; streaming by JPEG2000 interactive protocol (JPIP); and the ability to integrate JPEG2000 in DICOM [Digital Imaging and Communications in Medicine]-conform picture archiving and communication systems (PACS), we and others recommended the use of JPEG2000 in virtual microscopy (VM) and digital pathology. [1] [2] [3] [4] [5] [6] [7] [8] Observer studies are generally necessary to determine the most appropriate compression ratio in JPEG2000 for diagnostic applications. 9 Previously, we compared conventional microscopy (M) and virtual 3D microscopy using Upon completion of this activity you will be able to:
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JPEG2000 whole slide images with lossy compression using compression ratios in the range of 20:1 to 200:1 for the diagnosis of Helicobacter pylori gastritis. 4 Because lossless compressed JPEG2000 whole slide images were not included in this study, we were encouraged to complete this issue by a subsequent investigation including such virtual slides. We herein describe the results of this investigation and discuss the impact on digital pathology.
M aterials and Methods
Cases of gastric biopsy specimens were obtained from the archives of the Department of Pathology, Otto-vonGuericke-University, Magdeburg, Germany. Slides containing antrum mucosa, stained by a modified Giemsa stain, were obtained from 46 patients, as in our previous study. 4 All slides were labeled with a randomized slide number starting from 1. The slides were digitized using a whole slide scanner (NanoZoomer Digital Pathology System, Hamamatsu, Herrsching, Germany). The maximum resolution (0.23 μm per pixel) was used for scanning. Each slide was scanned in generic raw data format with 9 focus planes (layers) with a spacing of 0.1 μm between them using NDPScan 2.0 Software (Hamamatsu). Kakadu software, Sydney, Australia (http://www.kakadusoftware.com), was used to create virtual 3D slides with lossless compression (1:1) or lossy compression using compression ratios of 5:1, 10:1, and 20:1 (wavelet filter, 5 × 7; wavelet levels, 8; tiles per image, 1; images per multidocument, 9; code block size, 64 × 64; progression, resolution-position-component-layer [RPCL]; and quality level, 4) as used in our previous study. 4 A Web application based on the Kakadu library (Kakadu software), JPView version 1.8 (Imassense, Berlin, Germany) using asynchronous JavaScript and XML, which enables the presentation of virtual slides directly within the browser window (Mozilla Firefox), was used to review the virtual slides. Views of virtual slides are shown in ❚Image 1❚. Examples are available over the Internet (http://patho.med. uni-magdeburg.de/research.shtml).
The virtual 3D slides with the different compression ratios were mixed up randomly and diagnosed by 3 consultant pathologists (T.K., F.G., and S.-Y.S.) in a blinded manner according to the updated Sydney classification. 10 Apart from atrophy, which was not present in the specimens, all other parameters, including chronic inflammation, neutrophil activity, H pylori density, and intestinal metaplasia, were graded as absent (0), mild (1), moderate (2), or marked (3), and the results were recorded for each case. All pathologists used a Windows XP workstation connected to the same 20-in monitor (Dell 2001 FP; Dell, Frankfurt, Germany) using the maximum resolution of 1,600 × 1,200 pixels for VM. All cases were additionally diagnosed by each pathologist using M, as reported before. 4 SPSS software (SPSS, Chicago, IL) was used to perform all statistical analyses. A P value less than .05 was considered statistically significant.
Results
The results of histopathologic classification of gastric biopsy specimens by 3 pathologists (A, B, and C) using M or VM with lossless-compressed (VM 1:1) or lossy-compressed virtual 3D slides (VM 5:1, VM 10:1, and VM 20:1) are shown in ❚Table 1❚. The differences between pathologists and methods were slight, with the exception of variations in the category H pylori d ensity for pathologist B and in the category neutrophil activity for pathologist C. By using the Friedman test, we found that the results in these 2 categories for pathologists B and C were significantly different (P = .027 and P < .001), whereas no significant differences were found in any other categories.
Regarding the results in detail, it becomes evident that the differences in the category H pylori density for pathologist B were obviously caused by unequal grading using M or VM. By using the Wilcoxon test, we found significant differences between the results of M and VM 1:1 (P = .011), VM 5:1 (P = .011), and VM 10:1 (P = .025), but no significant differences were found between the results of VM in this category. The same finding can be observed in ❚Table 2❚, in which the number of cases with identical classification using M or VM with different compression rates shows only little variation in this category. After dichotomization of the data, as shown in ❚Table 3❚, no significant differences between the results in this category were detected by using the Friedman test. Altogether, the results indicate significant variations in the grading of H pylori density by pathologist B using M or VM but no significant variation in the detection of H pylori.
Similarly, the differences in the category neutrophil activity for pathologist C were caused by unequal grading using M or VM. By using the Wilcoxon test, we found significant differences between the results of M and VM 1:1 (P < .001), VM 5:1 (P = .001), VM 10:1 (P = .001), and VM 20:1 (P = .008), but no significant differences were found between the results of VM in this category. Also, the dichotomized data (Table 3) showed significant differences (P = .005) in this category using the Friedman test. By using the Wilcoxon, test we found significant differences between the results of M and VM 1:1 (P = .005), VM 5:1 (P = .083), VM 10:1 (P = .059), and VM 20:1 (P = .014), but also between the results of VM 1:1 and VM 5:1 (P = .025), whereas no significant differences were found between the other results. Altogether, these results indicate significant differences in the grading of neutrophil activity by pathologist C, but also in the evaluation of the presence or absence of neutrophil inflammation, independent of the method (M or VM) as well. The contingency table with numbers of cases classified as H pylori+ or H pylori-by each pathologist using M compared with VM is shown in ❚Table 4❚. The number of falsenegative diagnoses by pathologists A and B using VM was 0 to 2 of 46, but was up to 9 by pathologist C using VM 1:1. The number of false-positive diagnoses was at most 5 of 46 by pathologist C and up to 3 by pathologists A and B using VM. The total counts were consistent with these findings.
Specificity, sensitivity, and κ values in H pylori diagnosis using VM are shown in ❚Table 5❚. The calculations were based on the data in Table 4 . Pathologists A and B generally achieved a specificity more than 0.9, a sensitivity of more than 0.85, and κ of more than 0.8, virtually independent of (7) 3 (7) 3 (7) the compression. By contrast, pathologist C achieved the highest specificity (0.9), and the lowest sensitivity (0.8) using VM 20:1 but the lowest specificity (0.63) and the highest sensitivity (1) using VM 1:1. Regarding all 3 pathologists, the use of VM 1:1 did not lead to considerably better results in H pylori diagnosis than the use of VM with lossy compression, including much higher compression rates such as VM 75:1, as previously reported. 4 
Discussion
Lossy compression of digital images definitely leads to a loss of image information and quality degradation. Hence, the use of lossy compression in medical imaging is a subject of sustained controversial discussions, primarily in radiology, although the need for data reduction was perceived in view of the large data amounts produced by multidetector computed tomography or complex magnetic resonance sequence. 11 Because VM usually exceeds the file sizes of radiology, lossy compression is a very important issue in digital pathology. 4 For example, the uncompressed raw data file sizes of the 46 virtual 3D slides used in this study ranged from 4.19 GB (12,288 × 12,800 × 9 pixels) to 34.8 GB (40,960 × 36,352 × 9 pixels) with a mean value of 14.24 GB (23,775 × 23,096 × 9 pixels). On average, the lossless compressed JPEG2000 files used in this study were approximately one third smaller than uncompressed raw data files, depending on the image content.
The reasons for compression with most pros and cons can be directly adopted from the well-known discussions in radiology. The most important reason for compression certainly is downsizing of archives regarding the costs of utility space, media, electric power, ventilating, air conditioning, and so on. Apart from the network's bandwidth, which should be preferably as high as possible anyway, the argument that large file sizes slow down image retrieving, reading, and viewing speed may be relevant for several conventional radiology PACS but is overcome in digital pathology by data streaming of virtual slides, eg, by JPIP using appropriate servers. 7 Thus, no significant slowdown of the viewing speed of virtual 3D slides with the different large file sizes used in this study was distinguishable. Recently, we reported on the speed of virtual 3D microscopy using (39) 22 (48) 21 (46) 20 (43) 21 (46) 23 (50) 18 (39) 20 (43) 21 (46) 19 (43) 4 (9) 6 (13 5 (11) 5 (11) 6 (13) 15 (33) 23 (50) 18 (39) 20 (43) 21 (46) 11 (24) 11 (24) 18 (39) 18 (39) 11 (24) 18 (39) 12 (26) 10 (22) 8 (17) 14 (30) 2 (4) 0 (0) 0 (0) 0 (0) 0 (0) 22 (48) 31 (67) 27 (59) 28 (61) 25 (54) 11 (24) 4 (9) 10 (22) 10 (22) 13 (28) 9 (20) 8 (17) 6 (13) 6 (13) 6 (13) 4 (9) 3 (7) 3 (7) 2 (4) 2 (4) 37 (80) 39 (85) 39 (85) 39 (85) 39 (85) 6 (13) 4 (9) 5 (11) 4 (9) 6 (13) 3 (7) 3 (7) 2 (4) 3 (7) 1 (2) 7 The readers are also able to relate to examples of such large virtual slides on the Internet at http://patho.med.uni-magdeburg.de/research.shtml.
A possible loss of diagnostic quality is the most important concern about the use of compression in medical imaging. Besides the data format and the type of compression, the compression ratio is a decisive factor, as introduced in our previous report. 4 The JPEG2000 format allows for lossless and lossy compression. In contrast with lossy compression, lossless compression is reversible and does not impair the integrity of the original image data. 12 The quality of the lossless-compressed JPEG2000 whole slide images used in this study, therefore, is identical with uncompressed raw data. Actually, the review of the original raw data files would be impossible owing to the lack of viewer software appropriate for streaming the raw data format.
Because lossy compression impairs the image quality, differences between the original and lossy-compressed images become discernable at a certain threshold, which depends on the modality and the type of image, as described for radiology. 12 For whole slide images, 20:1 compression, as maximally used in this study, was found to be below such a threshold. 1, 3, 4 In contrast with our previous study, 4 this study did not comprehend virtual slides with noticeable different image qualities. As even high compression levels with clearly discernable compression artifacts did not significantly impair the diagnostic accuracy in H pylori gastritis, as reported previously, 4 we expected similar results in this study. Corresponding results were also reported in many studies on chest radiography and computed tomography. 12 As expected, the use of lossless-or lossy-compressed virtual slides had no significant influence on the diagnostic accuracy regarding H pylori gastritis in this study. The differences in the categories H pylori density for pathologist B and neutrophil activity for pathologist C using M or VM are rather caused by variable observer performance in grading, eg, grade 2 instead of grade 1, as M and VM were performed at 2 different time points, separated by more than 6 months. As the positive diagnosis of H pylori is decisive for therapy, such variable grading can be disregarded, particularly as Table 4 .
statistically no significant difference was found after dichotomization of the data. Of note, possible bias in the diagnosis of H pylori in cases with neutrophil activity was ruled out by a case with neutrophil activity but without H pylori colonization (also shown in Image 1E) that was included in this study and that was correctly diagnosed by all pathologists, independent of the method.
To compare the results with our previous study, 4 which included corresponding virtual slides with higher compression ratios of up to 200:1, but also 20:1 compression, we subsequently also performed Wilcoxon analysis on the results of 20:1 compressed virtual slides but did not detect significant differences in the diagnosis of H pylori. Altogether, all our observer studies on this issue, 2,4 including this study, provide evidence that VM is applicable in diagnostic pathology with high specificity, sensitivity, and κ values using lossy-compressed JPEG2000 whole slide images, as already demonstrated in our first study. 2 Lossless-compressed virtual slides do not lead to significantly better results and are, therefore, not required for diagnostic pathology.
As even high compression levels, despite considerable quality degradation, do not significantly influence diagnostic accuracy, at least regarding the categories in H pylori gastritis, 4 the next step ahead in digital pathology will be to start consensus processes in the pathology societies to work out guidelines and recommendations on the use of compression in digital pathology. Corresponding recommendations in radiology are available from the board of the Faculty of Clinical Radiology of the Royal College of Radiologists, 12 the German Roentgen Society, 13 and from a Pan-Canadian evaluation study, 14 in which acceptable levels of lossy compression are suggested for different modalities with differences between the societies and the studies, respectively, as fol- Generally, the use of lossy compression in medical imaging is not found to be prohibited by the main regulatory bodies in the European Union, United States, Canada, and Australia. 12 Of course, the prerequisites are that lossy compression does not impair the diagnostic quality of the images and does not cause risks that are absent in conventional practice. 12 Although our observer studies 2, 4 approve the use of lossy compression in VM of H pylori gastritis, including coarse histopathologic criteria such as chronic inflammation, neutrophil activity, and intestinal metaplasia, as well as rather subtle criteria such as H pylori density, further applications still have to be evaluated, including histologic examination of several other diagnoses, as well as cytologic examinations.
